The fatty acid constituents of 14 species of Mycobacterium (14 isolates) and one isolate each of Corynebacterium xerosis, Nocardia asteroides, and Streptomyces albus were examined with the purpose of distinguishing Mycobacterium tuberculosis from other acid-fast bacilli. Combined thin-layer chromatography (TLC) of methyI mycolates and gas-liquid chromatography (GVC) of shorter-chain fatty acid esters provided an unequivocal identification of M. tuberculosis in a matter of 2 to 3 days. The methodology included rapid and simplified procedures for methanolysis and extraction of bacterial lipids with equally facilitated GLC and TLC analyses.
There are now available many excellent drug regimens for the treatment of tuberculosis (3) . A primary factor which thwarts the implementation of suitable drug programs is the protracted period that is required to isolate and identify Mycobacterium tuberculosis. The reason for this is its slow growth. Admittedly, treatment for tuberculosis can be started based on clinical symptoms and the microscopic detection of acid-fast bacilli in sputa (12) . However, acidfastness may also apply to Nocardia spp., Actinomyces spp., certain fungi, and a variety of nontuberculous mycobacteria (4) . Likewise, clinical symptoms which pertain to tuberculosis may also apply to mycobacterioses other than tuberculosis and to other diseases, and the drug therapies recommended for tuberculosis are distinct from those recommended for infections due to nontuberculous mycobacteria (12) . Another important reason for rapid identification of M. tuberculosis is that individuals infected with this organism may be contagious and need to be isolated from other persons until an effective chemotherapy program can be established. The primary procedures used in our work for the identification of M. tuberculosis and its differentiation from other bacteria are chromatographic, based on the presence of species-specific long-chain, alpha-alkyl, betahydroxy fatty acids, the mycolic acids (1) , and simpler, shorter-chain fatty acids in mycobacteria and related taxa.
MATERIALS AND METHODS
Bacterial cultures. The 14 species of mycobacteria used in this study were obtained from the Trudeau Mycobacterial Culture Collection at National Jewish Hospital and Research Center (Table 1) . One strain each of Nocardia asteroides, Corynebacterium xerosis, and Streptomyces albus were also examined. In addition, 100 previously identified isolates from the Centers for Disease Control (CDC) were tested blind by us. All strains were grown in 7H11 agar medium for 2 weeks, autoclaved for 20 min at 121°C, harvested by centrifugation, washed free of medium, lyophilized, and kept at 0°C until ready for use.
Methanolysis. Some initial effort was spent in selecting conditions which would result in maximum release of fatty acids of all classes. Undoubtedly, saponification (refluxing 10% methanolic KOH) (5) gave the greatest yields in terms of quantity and number of different components; however, saponification is a protracted procedure involving extraction of fatty acids, dehydration of preparations, and esterification. Direct acid methanolysis on dry bacilli is the most rapid procedure; however, in our hands, several protocols in current use (e.g., I to 6 N methanolic HCl, 87°C, 48 h) (5, 16) resulted in minor release of methyl mycolates and inconsistent recovery. We found that the procedure described by Minnikin et al. (7) The flow rates producing the greatest sensitivity were: air, 300 ml/min; H2, 30 ml/min (detection gas); N2, 30 ml/min (carrier gas). Detector sensitivity was set at 256 x 10-l1. A Varian Aerograph 3700 gas chromatograph equipped with two flame ionization detectors was used in conjunction with a Varian 9176 recorder. Several GLC stationary-phase support combinations were tested, seeking maximum resolution for a wide range of fatty acid esters and maximum thermal stability. Among those tested were SP-2340, OV-1 on Supelcoport, and DEGS on Chromosorb W. Although OV-1 was not ideal for resolving some unsaturated fatty acid ester combinations, its high thermal stability (350°C) made it suitable for examination of esters of long chain length (ca. C26) which otherwise take protracted periods to elute. Peak identifications were tentative, being based on the retention time (tR) value of known FAME. FAME reference standards (Supelco, Analabs, Inc., Alltech Associates, Inc.) were used for tentative identification and are listed in Table 2 .
RESULTS
TLC of methyl mycolates. Analyses of TLC of whole methanolysates of different mycobacterial species gave reproducible patterns. Some of the results are shown in Fig. 1 . The majority of strains showed a characteristic array of mycolic acid methyl esters (MAME in Fig. 1 ), and this was the region primarily used to identify M. tuberculosis and other acid-fast bacilli.
GLC of shorter-chain FAME. GLC proved to be an invaluable adjunct to TLC for the identification of M. tuberculosis. The conditions used were selected to enhance the areas of demarcation between the different mycobacterial species. The most typical peaks, and those upon which identification were primarily based, had retention times indicative of methyl tetracosanoate, hexacosanoate, and other mediumchain fatty esters. Most probably, these were the result of on-column pyrolysis of methyl mycolates (9, 10) . To test'this possibility and to arrive at optimal conditions for the production of these indicator esters, we examined the effects of increasing the injector-port temperature on the M. tuberculosis products (Fig. 2 ). These were compared with in-tube pyrolysis conducted as described by Stodola et al. (13) . There was a dramatic increase in the production of the medium-chain esters when the temperature was increased from 250 to 330°C, and beyond that temperature there was little increase ( Fig. 2A and C) . Moreover, the effects of 330°C, 350°C, and in-tube pyrolysis were about the same (Fig. 2C, D , and E). The injector-port temperature of 330°C was preferred because the majority of injector septa were unstable at higher temperatures. Accordingly, 330°C oncolumn pyrolysis was used throughout this work, thereby eliminating the need for a separate pyrolysis procedure and effectively shortening identification time.
In general, fatty acid esters of chain length C14 to C17 which had a tR of 2 to 4 min were not markedly dissimilar from one species to another (Fig. 3) . The earliest peaks, which showed consistent differences among species, corresponded to a range of C18 fatty acid esters (OR, 5 to 6.5 min).
These peaks (11, 12, and 13 in Fig. 3 ) differed principally in relative heights and were consistently reproduced with repeat analyses on the same and different lots of mycobacteria. Several other peaks which were of paramount importance in identification were in the C24 (tetracosanoate) and C26 (hexacosanoate) region (tR, 17 to 18 and 19 to 20 min), respectively. Those peaks were designated 19 and 20, respectively (Fig. 3) , and showed both qualitative and quantitative differences. For example, C26 (peak 20) was present in M. tuberculosis and Mycobacterium bovis but absent from Mycobacteriumfortuitum and Mycobacterium kansasii (Fig.  3A, B, E, and F) , and, for a quantitative example, C24 (peak 19) in serovar 8 of the Mycobacterium avium-Mycobacterium intracellulare-Mycobacterium scrofulaceum (MAIS) complex was found in greater amounts than that observed in M. tuberculosis ( Fig. 3D and A) . Differentiation can also be based on other distinctive peaks. For instance, in the case of Mycobacterium xenopi, there was a fatty acid ester at about 3.5 min (peak 9) which was not present in those other mycobacteria which contained a large C26 peak. Moreover, M. kansasii had a large characteristic peak (peak 2) at 2.5 min which was present in only two other species tested thus far. Identification, therefore, can be based on those peaks designated 1 through 20. Figure 4 is a decision tree based on these characteristic peaks.
Application of combined TLC-GLC to unmarked isolates from CDC. Dixie Snider and Robert Good of the CDC, Atlanta, Ga., provided four lots of 25 cultures with the provision that growth and identification be completed within 3 weeks. Since the combined TLC-GLC procedure allowed identification of as few as 2.5 x 107 CFU, it was usually possible to use a portion of the supplied inoculating culture to accomplish identification. However, cultures were also grown on 7H11 agar plates (courtesy of Leonid Heifets and Barbara Bassett), and the harvested organisms were identified a second time. Our instructions were to classify the isolates into one of several categories which included the following: M. tuberculosis-M. bovis, mycobacteria other than tuberculosis, other microorganisms, and no organisms (no growth). The results are shown in Table 3 . Table 4 demonstrates the potential of the methodology for successful identification of mycobacteria. Perhaps the most impressive case for identification of mycobacterial species based on fatty acid profiles was presgnted by Tisdall et al. (16) . Of 81 clinical isolates, 64% were identified to species level by GLC alone and an additional 35% were differentiated to the same groups of two or three organisms. Their paper represented an important study since it clearly demonstrated that GLC of fatty acid derivatives, when conducted with care, will allow identification of species and sensitive identification of mycobacteria. A feature of the work of Tisdall et al. (16) was that the most characteristic fatty acids were generally greater than C24. Therefore, it occurred to us that if, through the use of pyrolysis of the species-specific mycolates, the larger fatty acids could be accentuated, then differentiation and identification would be enhanced. While applying this idea of pyrolysis GLC to mycobacterial isolates, Wayne Moss kindly supplied us with unpublished information on the application of the same principal to a few mycobacterial species. The results (2) were similar to those recorded above and further substantiated the evidence that this approach can provide consistent, readily obtainable profiles upon which AM. tuberculosis can be identified.
DISCUSSION
A number of the GLC peaks were tentatively identified based on the reference standards available, but many of the unusual branched-chain unsaturated fatty acids found in bacterial cell walls were not available commercially. To identify these components, mass spectrophotometry was necessary, but this methodology is not practical for use in the clinical laboratory where speed, accuracy, and cost are crucial elements of any implemented technology. Using the described GLC and TLC methodologies in conjunction with each other provided a clinically oriented system for the rapid identification of mycobacteria.
These procedures have been used with as few as 2. lated accordingly. Special vials (Reacti-Vials, 10 .l1, catalog no. 13100; Pierce Chemical Co.) were useful in concentrating the small amount of fatty acid esters derived from such quantities of bacteria and allowing the implementation of both TLC and GLC. There was little doubt from the pioneering work of Minnikin and colleagues (6) that TLC of methyl mycolates provides an excellent means for the differentiation of M. tuberculosis from other acid-fast bacteria. However, the more recent proposal on the use of two-dimensional chromatography or multidevelopment (7) posed an obstacle for the ready implementation of the technique in a clinical setting. Moreover, it was commonly held that TLC is of insufficient sensitivity for clinical purposes. Clearly, onedimensional TLC of methyl mycolates (Fig. 1) provides a considerable element of the type of specificity required for present needs and, when combined with GLC, provides the degree of accurate identification ( Table 3 ) that is necessary in the clinical laboratory. Moreover, TLC, particularly microparticulate (so-called high-performance) TLC, seems to be of sufficient sensitivity to warrant its retention as a routine diagnostic tool. We were able to recognize a definite pattern with as few as 2.5 x 107 CFU and still have sufficient material for GLC purposes. To more fully evaluate this methodology, it will be necessary to challenge the test with a greater number of sputum specimens.
The region of the plate above the mycolic acid methyl esters contained the methyl esters of shorter-chain fatty acids, including the short-chain (C26 to C34) methyl mycolates of C. xerosis, and was only of value when distinguishing between mycobacteria, corynebacteria, and N. asteroides. Of all the strains tested thus far, M. tuberculosis and M. bovis BCG were frequently the most difficult to differentiate (Fig. 1, lanes A and B) Of the several species examined by this procedure, M. kansasii was the only other one with a pattern similar to that of M. tuberculosis and M. bovis (Fig. 1, lanes A and E) ; however, the mycolates of M. kansasii were sufficiently resolved into two components to allow for an adequate differentiation of the two species.
In regard to our confidence in the accuracy of identification by these methods, the combination of TLC and GLC provided an unambiguous identification for all of the M. tuberc ulosis-M. bovis strains. For mycobacteria other than 
